Perinatal hypoxia results in neuronal and endothelial cell damage. The main purpose of this study was to investigate the correlation of soluble intercellular adhesion molecule 1 (sICAM-1) expression and peripheral blood changes in perinatal asphyxia with neuronal injury markers in low birth weight (LBW) neonates. We compared the concentrations of serum sICAM-1, neuron-specific enolase (NSE) and antibodies specific for NR2 glutamate receptors in 29 asphyxiated and 20 control infants using standard enzyme immunoassay procedures. The mean total concentrations of sICAM-1 and neuron-specific proteins (NSE and NR2-specific antibodies) were higher in the asphyxiated infants than in the control infants. The serum sICAM-1 concentrations significantly correlated with Apgar scoring and with the pH and lactate data from capillary or arterial cord blood. No significant correlation between serum concentrations of neuron specific proteins and blood changes of asphyxia was found. Therefore, endothelial sICAM-1 expression levels might be accepted as an indicator of the severity of perinatal asphyxia in LBW infants.
Perinatal hypoxia results in neuronal and endothelial cell damage. The main purpose of this study was to investigate the correlation of soluble intercellular adhesion molecule 1 (sICAM-1) expression and peripheral blood changes in perinatal asphyxia with neuronal injury markers in low birth weight (LBW) neonates. We compared the concentrations of serum sICAM-1, neuron-specific enolase (NSE) and antibodies specific for NR2 glutamate receptors in 29 asphyxiated and 20 control infants using standard enzyme immunoassay procedures. The mean total concentrations of sICAM-1 and neuron-specific proteins (NSE and NR2-specific antibodies) were higher in the asphyxiated infants than in the control infants. The serum sICAM-1 concentrations significantly correlated with Apgar scoring and with the pH and lactate data from capillary or arterial cord blood. No significant correlation between serum concentrations of neuron specific proteins and blood changes of asphyxia was found. Therefore, endothelial sICAM-1 expression levels might be accepted as an indicator of the severity of perinatal asphyxia in LBW infants.
E
ven with widespread advances in perinatal technology and knowledge, perinatal asphyxia remains a severe condition that causes considerable mortality and long-term morbidity 1, 2 . Oxygen deprivation during labor is the most common cause of neuronal injury in premature infants 3 . Hypoxia-induced changes occur in various organs in newborns and include neuronal injury and generalized endothelial dysfunction 4 . Hyperstimulation of glutamate receptors is one of the central features of the pathogenesis of neuronal injury 5 . Excessive stimulation of glutamate receptor/ion channel complexes causes a cascade of intracellular events that results in apoptosis and/or necrosis 6 . Previous investigations have demonstrated that high concentration of antibodies specific for N-methyl-D-aspartate glutamate receptors are reliable indicators of hypoxic ischemic encephalopathy (HIE) after birth asphyxia 7 . Following acute neuronal injury, the levels of neuron-specific proteins increase in neuronal cell bodies. Neuron-specific enolase (NSE), a dimeric isozyme of the glycolytic enzyme enolase, is found in the cytoplasm of neurons and can be used as an identifying marker for all neuron types in vivo and in vitro 8 . An increase in serum concentrations of NSE reflects neuronal cell injury, and this increase is positively correlated with the degree of injury 9 . After ischemia and reperfusion of hypoxic tissue, leukocytes are recruited to the injured area through various adhesion proteins. One of these proteins, soluble intercellular adhesion molecule 1 (sICAM-1), is an important in the trans-endothelial migration of leukocytes during inflammation 10, 11 . Previous studies have demonstrated increases in serum sICAM-1 levels during the first month of life in healthy neonates, suggesting a progressive increase in the activation of the neonatal immune system 12 . Most previous studies also confirmed that in infants, the activation of adhesion molecules occurs during inflammation in response to infection 13, 14 . The roles of sICAM-1 in cell-cell adhesion, extravasation, and infection are more fully understood than its role in hypoxia in infants, as there are few reports on adhesion molecules in hypoxic conditions. The relationship between neuronal tissue injury and adhesion molecule activation after birth asphyxia has not yet been investigated.
The objective of this study was to assess the concentrations of sICAM-1 in asphyxiated and nonasphyxiated low birth weight infants (LBW) infants and to examine the association of asphyxia parameters and cell adhesion molecule activation with neuronal injury marker concentrations. We estimated the presence of neuronal injury on the basis of increased concentrations of neuron-specific proteins, such as NSE and NR2-specific antibodies.
Results
The characteristics of the subjects are presented in Table 1 . No significant differences in intrauterine growth, birth type or maternal parameters were found between groups. By contrast, the groups were significantly different in terms of the 1 min and 5 min Apgar scores, as well as the capillary or arterial cord blood pH and blood lactate concentrations. These findings confirm that infants in the asphyxiated group experienced hypoxia, as determined by assessing both clinical and laboratory parameters. All of the hypoxic infants were resuscitated in the delivery room. HIE was detected in 72.4% of the asphyxiated infants, and 44.8% of asphyxiated newborns also had a different grade of IVH.
As shown in Figure 1 , the mean total concentrations of sICAM-1 and neuron-specific proteins were higher in the asphyxiated infants than in the control infants, and significant differences were found in the sICAM-1 levels (on day 3), the NSE levels (on days 1 and 3), and the NR2-specific antibody levels (on day 1) between the groups.
We analyzed the correlation between the parameters of asphyxia and the levels of sICAM-1, NSE and NR2 antibodies ( Table 2) . It has been shown that sICAM-1 concentrations were significantly negatively correlated with the Apgar score and with the capillary or arterial cord blood pH, and were significantly positively correlated with the lactate concentrations from capillary or arterial cord blood. The peripheral blood NSE levels were significantly correlated with the Apgar score, but no correlation between NSE and peripheral blood changes was observed. As shown in Table 2 , there was no significant correlation between the NR2-specific antibody levels and the asphyxia parameters.
Discussion
During hypoxia, the endothelium becomes inflamed, and this process is associated with leukocyte accumulation 21 . In the early days of extrauterine life, the vascular endothelium is exposed to high concentrations of inflammatory stimuli, and it can become further dysfunctional if exposed to a hypoxic environment, which is the main cause of endothelial dysfunction 22 . ICAM-1 is an important messenger molecule in leukocyte-endothelial cell stimulation 23 . Therefore, we hypothesized that endothelial sICAM-1 expression correlates with hypoxia-induced changes in the peripheral blood in asphyxiated newborns. The results of previous studies on the activation of intercellular adhesion molecules during hypoxia or during inflammation in response to infection in infants are controversial. Intercellular adhesion plays a significant role in the activation of the neonatal immune system, and measuring the concentrations of sICAM-1 can be used as a highly sensitive diagnostic tool in newborns suspected of infection [13] [14] [24] [25] . Xanthou et al. detected increases in the serum levels of sICAM-1 and other inflammatory markers in neonates who had experienced perinatal asphyxia 26 . These authors confirmed that, based on the correlation between the increased concentrations of sICAM-1 and the severity of the perinatal insult, neonates with a high risk of brain damage could be identified. The results of a similar study concluded that cord serum sICAM-1 measurements have no diagnostic relevance for neonatal infection 27 . It should be noted that the increase in sICAM-1 expression might not only arise from injured neuronal areas. In hypoxic conditions, it is possible that adhesion molecules are produced by the activated endothelium in all injured vasculature. Therefore, it is difficult to accept the idea that an increase in adhesion molecule concentrations would be a good predictor of neuronal injury. In line with our previous investigations 28 , we observed increases in serum sICAM-1 and neuron-specific marker concentrations in newborns under hypoxic conditions. However, sICAM-1 concentrations were significantly correlated with the peripheral blood parameters of asphyxia, whereas it was not found correlation between NSE and NR2-specific antibody concentrations and blood changes of perinatal asphyxia. This result provides a strong case for accepting sICAM-1 concentration as a marker of endothelial inflammation under hypoxic conditions.
Perinatal asphyxia results in neuronal injury and leads to endothelial damage and acidosis, which causes multiple organ insufficiency and results in complications of extrauterine adaptation. The significance of neuron specific proteins and other types of biochemical Results indicate that resuscitation was required in the delivery room. *There is a significant difference between the study groups (p , 0.001).
www.nature.com/scientificreports SCIENTIFIC REPORTS | 4 : 6850 | DOI: 10.1038/srep06850markers for the early prognosis and evaluation of the severity of hypoxia has been investigated 29 . According to our results, the levels of NSE and antibodies specific for glutamate receptors are not speciflic enough markers to serve as indicators of acute hypoxia. As demonstrated in previous studies, elevated levels of serum brainspecific proteins are of limited value for predicting long-term neurodevelopmental outcomes after birth asphyxia 30 . We show that the severity of perinatal asphyxia in newborns can be assessed by measuring the concentration of sICAM-1 in the peripheral blood, and this is of great clinical significance. First, we conclude that serum sICAM-1 levels can be considered an important indicator for predicting the severity of birth asphyxia. Second, the results of our study show that the relationship between the severity of perinatal asphyxia and the elevated levels of adhesion molecules in LBW infants might not be causal and that the early assessment of endothelial sICAM-1 expression might be useful for early therapeutic decisions.
Based on the results of our study on LBW infants, we conclude that asphyxia causes neuronal and endothelial cell injury in LBW infants and that one of the indicators of perinatal asphyxia is the endothelial expression of adhesion molecules. Our findings show that endothelial sICAM-1 expression levels might be an indicator of the severity of perinatal asphyxia. A significant correlation between intercellular adhesion molecule levels and the severity of asphyxia-induced changes in the peripheral blood would be useful for predicting the long-term outcomes in infants who experienced perinatal asphyxia and would provide a basis for further investigations of the effect of vascular endothelial adhesion molecule expression on the development of future neurosomatic problems.
Methods
Patient population and study design. This study was conducted in accordance with the approved guidelines of the Azerbaijan National Committee on Bioethics and Ethics of Science and Technology. The parents of all of the infants provided written consent for participation in this study after receiving complete information on the study's scope and purpose.
Forty-nine LBW infants born between November 2011 and January 2012 at a gestational age of 32-39 weeks and a birth weight of 1510-2550 g were recruited for this study. The study was not blinded, and the patients were classified as asphyxiated newborns (n 5 29) or control infants (n 5 20). The diagnosis of asphyxia was determined by a persistent Apgar score of 0 to 3 for more than 5 min, an initial capillary or arterial cord blood pH value of less than 7.00, an initial capillary or arterial cord blood lactate value of greater than 7.00 mmol/L, neonatal neurologic sequelae (e.g., seizures, coma, and hypotonia) and multiple organ involvement (e.g., kidney, lungs, liver, heart, and intestines), in accordance with the American Academy of Pediatrics and the American College of Obstetrics and Gynecology guidelines 15, 16 . The control group was composed of neonates who fulfilled all of the following criteria: an uncomplicated maternal history, a 5 min Apgar score of 7 or more, capillary or arterial cord blood pH of 7.00 or higher, a normal delivery after an uncomplicated pregnancy in the same hospital during the same time period, no neurologic manifestations, normal cranial ultrasound, and no medication during the neonatal period. The study exclusion criteria for both groups included birth weights lower than 1000 g or higher than 2600 g, the death of a newborn within the first 3 days of life, transfer to another unit, and clinical or laboratory evidence of congenital infection, neonatal sepsis, maternal drug addiction, or congenital malformation.
Data on maternal preeclampsia, infant gender, type of delivery, resuscitation measures in the delivery room, and anthropometric measurements (e.g., weight, body length, head and chest circumferences) were included in the analysis. Obstetric data were collected from the hospital records, and intrapartum and neonatal data were collected prospectively.
Blood gases were measured within 30 min of delivery. The gestational age was based on the date of the mother's most recent menstrual period and an ultrasonogram and was confirmed using the scale by Ballard et al. 17 . The condition of intrauterine growth restriction was defined as a newborn having estimated fetal anthropometric parameters below the 10th percentile for his/her gestational age and gender, which was confirmed at birth 18 . The severity of hypoxic-ischemic encephalopathy (HIE) was estimated based on the clinical behavior of the neonate 24 hours postpartum by using the Sarnat score 19 . A cranial ultrasound was performed on day 3 of life using 5 and 7.5 MHz sector transducers. Intraventricular hemorrhage (IVH) was classified into the following four grades according to the Papile description: grade I IVH was confined to the germinal matrix, grade II IVH had mild or no dilatation of the lateral ventricle, grade III IVH had patent ventricular dilatation, and grade IV IVH extended into the adjacent brain parenchyma 20 . Blood collection. Venous blood was collected on days 1 and 3 of life. No venous punctures were performed for the sole purpose of study-related analysis. The blood samples were collected in EDTA-containing tubes and centrifuged for 15-20 min. The serum samples were frozen at 270uC. Grossly hemolyzed samples were not included in the analysis.
Measurement of the concentrations of adhesion molecules and neuronal injury markers in the peripheral blood by ELISA. The sICAM-1 and NSE levels were determined using USCN kits (Life Science Inc., Wuhan, China), and antibodies specific for the NR2 subunit of the NMDA receptor were detected by using Gold Dot NR2 Antibody ELISA kits (CIS Biotech, Inc., Decatur, GA, USA). All tests were performed according to standard enzyme immunoassay procedures. The levels of sICAM-1 and both neuron-specific proteins are expressed in ng/mg of total protein in the sample.
Statistical analysis. The data in the study groups were nonparametric. Significant differences between the asphyxiated and control groups were determined using the Mann-Whitney U-test to assess differences in the levels of sICAM-1, NSE and NR2-specific antibodies. The same test was used to assess differences in the quantitative variables between groups. The qualitative variables, such as gender, maternal preeclampsia, Cesarean section, resuscitation measures used in the delivery room, and the severity of HIE and IVH, were compared using Fisher's Exact test. In all instances, significance was set at p , 0.05.
